The tumorigenesis of small intestinal neuroendocrine tumors (SI-NETs) is poorly understood. Recent studies have associated alternative polyadenylation (APA) with proliferation, cell transformation, and cancer. Polyadenylation is the process in which the pre-messenger RNA is cleaved at a polyA site and a polyA tail is added. Genes with two or more polyA sites can undergo APA. This produces two or more distinct mRNA isoforms with different 3 untranslated regions. Additionally, APA can also produce mRNAs containing different 3 -terminal coding regions. Therefore, APA alters both the repertoire and the expression level of proteins. Here, we used high-throughput sequencing data to map polyA sites and characterize polyadenylation genome-wide in three SI-NETs and a reference sample. In the tumors, 16 genes showed significant changes of APA pattern, which lead to either the 3 truncation of mRNA coding regions or 3 untranslated regions. Among these, 11 genes had been previously associated with cancer, with 4 genes being known tumor suppressors: DCC, PDZD2, MAGI1, and DACT2. We validated the APA in three out of three cases with quantitative real-time-PCR. Our findings suggest that changes of APA pattern in these 16 genes could be involved in the tumorigenesis of SI-NETs. Furthermore, they also point to APA as a new target for both diagnostic and treatment of SI-NETs. The identified genes with APA specific to the SI-NETs could be further tested as diagnostic markers and drug targets for disease prevention and treatment.
INTRODUCTION
Small intestinal neuroendocrine tumors (SI-NETs) are a homogeneous group of tumors originating primarily from the serotonin producing enterochromaffin neuroendocrine cells dispersed as solitary cells between the mucosal cells in the small intestine (1) . Most SI-NETs tend to be slow growing with a low Ki-67 proliferation index (2) . The primary tumor, regional node metastases, and related mesenteric fibrosis may give rise to local symptoms as bowel obstruction and/or vascular encasement. The presence of liver metastases may give rise to the carcinoid syndrome including diarrhea, facial flushing, and on sight cardiac and pulmonary disease, caused by release of serotonin and vasoactive peptides from the liver metastases (2) .
Both the incidence and prevalence of SI-NETs have been increasing during the last three decades (3) . Nowadays, SI-NETs are the second most prevalent gastrointestinal cancer after colonic cancer (4) . Radical surgical intervention is the only curative treatment. However, SI-NETs are difficult to diagnose, as the symptoms often are unspecific. Therefore, many patients are first diagnosed once metastases have occurred and curative surgery is no longer an option (1) .
Polyadenylation is a co-transcriptional process that consists of cleavage of the pre-messenger RNA (pre-mRNA) at a polyA site and addition of a polyA tail to the 5 cleavage product. This process is necessary for normal mRNA 3 -end formation, transcription termination, and mRNA export from the nucleus (5, 6) . Studies have shown that almost all eukaryotic pre-mRNAs and several non-coding transcripts have polyA sites and are polyadenylated. More than two-thirds of human genes have multiple polyA sites and can therefore undergo alternative polyadenylation (APA) (7) . This produces two or more distinct mRNA isoforms with different 3 untranslated regions (3 UTRs). In some cases, APA also produces mRNAs containing different 3 -terminal coding regions. Therefore, APA alters both the repertoire and the expression level of proteins (Figure 1) .
Alterations in polyadenylation can cause various diseases (8, 9) and several studies have linked cellular proliferation, transformation, and cancer progression to APA. Proliferation correlates with enhanced proximal polyA site usage leading to expression of mRNAs with 3 truncated coding regions (10) and truncated 3 UTRs (5, 10) . Cell transformation is associated with 3 UTR truncation (11) (12) (13) (14) and changed APA pattern (10, 15) , where transformed cells express mRNAs with shorter 3 UTRs compared to non-transformed cells with similar proliferation rate (12) . Furthermore, 3 UTR shortening is linked to poor cancer prognosis (16) . The APA pattern also differs according to cancer subtype www.frontiersin.org (11), suggesting that the APA pattern could be used as a biomarker for cancer classification.
Considering the previous evidence, we hypothesized that APA leading to 3 truncation of mRNAs could participate in the tumorigenesis of SI-NETs. To investigate this hypothesis we used highthroughput sequencing data to map polyA sites and characterize APA in SI-NETs genome-wide. We compared polyA site usage in a SI-NET group of three samples, with polyA site usage in a normal neuroendocrine reference sample, pituitary (PIT), and discovered 16 genes with significant APA specific to the SI-NETs, which lead to either 3 truncation of mRNA coding regions or 3 UTRs.
MATERIALS AND METHODS

HUMAN CLINICAL SAMPLES AND RNA ISOLATION
Surgical specimens from SI-NETs were obtained from three patients undergoing surgery at the Department of Surgical Gastroenterology, Rigshospitalet ( Table 1) . The study was approved by the regional scientific ethical committee (journal number 01 313726). Signed, informed consent was obtained from the patients. Immediately after tumor resection, tumor tissue samples from the surgical specimens were placed in RNAlater® (Applied Biosystems, Carlsbad, CA, USA) for overnight incubation. Samples were subsequently stored at −80°C until RNA was extracted using TRIzol (Life Technologies, Carlsbad, CA, USA). The reference sample (PIT), human pituitary RNA, was purchased from BioChain (Hayward, CA, USA).
SEQUENCING
Total RNA from the three SI-NETs and the reference sample (PIT) were sequenced with single-molecule direct RNA-sequencing (DRS) at Helicos BioSciences (Boston, MA, USA) (17) . The 3 blocking reaction was performed with 3 deoxyATP (Jena Biosciences, Germany) by incubating the reaction mixture at 37°C for 30 min.
READ PROCESSING AND MAPPING
Raw DRS reads starting with one or more Ts were trimmed as these can be due to inefficient locking of the RNA with the polyT primer at the beginning of the sequencing (17) . Trimmed reads were mapped to the genome (hg19) with HeliSphere software (http: //sourceforge.net/projects/openhelisphere/) using a seed length of 18 nt and allowing only one mismatch in the seed region. Only uniquely mapped reads with a minimum length of 21 nt and a minimum score of 4 where further analyzed. We additionally discarded all reads that may arise from internal priming events. DRS reads are sequenced by synthesis, and thus, they are reverse complementary to the original RNA fragments (17) . We checked the 10-nt immediately downstream of the read end in the complementary strand for adenines. In the case that the first six or more of these nucleotides were adenines the read was discarded (14) . A summary of the data after the different steps can be seen in Table 2 .
IDENTIFICATION OF polyA SITES
It is known that the cleavage process is inefficient and can vary within a few nucleotides (18) . To account for this variability, we cluster iteratively the 5 end of mapped reads that were <24 nt apart (14, 18) . For each of these clusters, the cleavage site is defined as the median position of the cleavage sites in the cluster (Figure 2) . As previous works have shown that APA is very common and that even very infrequently used polyA sites are real (7), we kept all polyA sites that have at least one read in at least two samples, or that have two or more reads. Next, each of the clusters was annotated according to the location of the cleavage site using the genome annotation from Ensembl66 (19) . PolyA sites were classified as 5 UTR, CODING, or 3 UTR if overlapping these regions of coding genes; ncGENE if overlapping a non-coding gene; PRO-MOTER if they were located in the 1000 bases upstream of a gene; DOWNSTREAM if they were located in the 1000 bases downstream of a gene; and INTERGENIC otherwise ( Figure 3A) . PolyA sites found in both introns and exons of the coding region are classified as CODING, as usage of these changes the coding region of the mRNA. As DOWNSTREAM polyA sites (≤1 kB) have many more reads than other intergenic polyA sites (Figure 3B) , we associated the polyA sites in this proximal intergenic region (≤1 kB) to the upstream gene and included them in the analysis of APA.
IDENTIFICATION OF APA IN SI-NETs
We restricted the analysis to protein coding genes. For each gene, we selected only those polyA sites that have at least 10% of all reads Frontiers in Endocrinology | Cancer Endocrinology and significant differences were found for all the samples in the SI-NET group compared to the reference sample (PIT) (FDR <0.1) were considered significant.
MANUAL SELECTION OF APA CASES
Firstly, we selected the genuine cases of APA, by manually removing genes if: (1) there is no APA within the gene alone, but only in tandem transcripts containing the gene (11 genes removed).
(2) APA is caused by an overlapping gene (one gene removed). Secondly, we selected the cases of APA leading to a reasonable expression in the SI-NETs, by manually removing genes if: (3) the implicated polyA sites have <10 reads in 2/3 of the SI-NETs (11 genes removed). Lastly, we selected the cases of APA, which lead to 3 truncation of the mRNA, by manually removing genes if: (4) the most distal polyA site of the gene is primarily used in the SI-NET group (14 genes removed). (5) The most proximal of the polyA sites is primarily used in the reference sample (PIT) (eight genes removed). The manually removed genes are listed in Table S2 in Supplementary Material. 
RESULTS
GLOBAL CHARACTERIZATION OF polyA SITE USAGE REVEALS SIMILARITY BETWEEN SI-NETs
Our first objective was to map polyA sites in SI-NETs genomewide and characterize APA. To perform this characterization, total RNA from three SI-NET samples (NE MTT, NE CT1, and NE 2TC) and from a reference sample (PIT) were sequenced using www.frontiersin.org DRS (17) . DRS is a well established method, which have been used in several other studies to map polyA sites genome-wide (14, 17, 20, 21) . The SI-NETs originate from neuroendocrine cells of the small intestine, which are solitary interspersed cells (22) . It is very difficult to identify and collect enough normal neuroendocrine cells as a control sample, and scrapings of the mucosa adjacent to the tumors are thus normally used as reference samples (23) . However, we chose to use pituitary as reference sample as we expected that the neuroendocrine cells of the pituitary are phenotypically closer to the neuroendocrine cells of the small intestine than the mixture of different cell types from the mucosal scrapings. From the DRS we obtained a total of 4895411 (NE MTT), 10878794 (NE CT1), and 8859412 (NE 2TC) reads. The final filtered reads were mapped to 221147 (NE MTT), 398528 (NE CT1), and 379890 (NE 2TC) polyA sites. These sites mapped to various genomic regions in the samples (Figure 3) . Fisher exact tests found 11031 polyA sites, located in 97% of the expressed protein coding genes, with no statistical difference in usage between the individual SI-NETs (FDR >0.1). This shows similarity between the three SI-NET samples. The sequencing data obtained by DRS have been deposited to the National Center for Biotechnology Information (NCBI)'s Gene Expression Omnibus (GEO), with accession number: GSE56657.
ALTERNATIVE USAGE OF polyA SITES IN THE SI-NETs
The second aim of the project was to identify protein coding genes in SI-NETs with a differential APA pattern compared to the reference sample. Using fisher exact tests we identified 61 genes with statistically significant APA between the SI-NET group and the reference sample (Table S1 in Supplementary Material). From these 61 genes, 45 genes were removed manually, to select only the genuine cases of APA, which lead to either 3 truncation of mRNA coding regions or 3 UTRs (Table S2 in Supplementary Material). The 16 selected genes with APA specific to the SI-NETs are described below, including a description of the possible implications for protein isoform and expression (Table S3 and Figure  S1 in Supplementary Material). Interestingly, 11 out of these 16 genes have previously been associated with cancer, with 4 of the genes being known tumor suppressors. These 16 genes with APA specific to the SI-NETs could be tested as diagnostic markers and drug targets for disease prevention and treatment.
GENES WITH UTR-APA SPECIFIC TO THE SI-NETs
Of the 16 genes with APA specific to the SI-NETs, 9 genes had significant UTR-APA leading to 3 UTR shortening in a larger proportion of mRNAs than in the reference sample. These genes are: PSMD8, DACT2, TM9SF3, CD59, ANKH, CIAO1, SRSF5, MRSP16, and NDUFA6. The shortening of 3 UTRs plays an important part in post-transcriptional regulation, as the 3 UTR contains target sites for microRNAs (miRNAs), which control mRNA turnover and translation rate (24) . Because of miRNA target site loss, mRNAs with shorter 3 UTRs are more stable and produce more protein (5, 11, 12) . We mapped the target sites of all human miRNAs to the 3 UTRs of genes displaying UTR-APA ( Figure S2 in Supplementary Material). The miRNA target site predictions were downloaded from microRNA.org (25) . Only conserved miRNAs with a good score were mapped. We then compared the miRNA target sites in the 3 UTRs of the nine genes to miRNA-profiles of five primary SI-NET samples from another study (26) . We considered only the miRNAs that were detected in a minimum of four out of these five primary SI-NET samples. For all nine genes, except DACT2, the 3 UTR shortening leads to loss of miRNA target sites for miRNAs detected in SI-NETs, suggesting an upregulated expression for these genes. See Table 3 for a detailed description of the genes with UTR-APA.
GENES WITH CR-APA SPECIFIC TO THE SI-NETs
Seven of the genes identified had significant CR-APA leading to 3 truncated coding regions in a larger proportion of mRNAs than in the reference sample. These genes are: DCC, PDZD2, MAGI1, ZCWPW2, LRRFIP1, RIC3, and THADA. CR-APA does not lead to nonsense-mediated decay and the expressed mRNAs thus translate into C-terminally truncated protein isoforms that could be non-functional or have functions different from the full-length protein (33) . The seven genes with CR-APA are described in detail in Table 4 .
Q-RT-PCR VALIDATION OF APA
Three genes were selected for Q-RT-PCR validation: DCC, PDZD2, and LRRFIP1. cDNA was synthesized from total RNA from all four samples. Primers were designed as sets targeting the regions just upstream of a proximal and a distal polyA site with significant Usage of this polyA site leads to the expression of an mRNA lacking 16 exons in the 3 end, i.e., more than in the thyroid adenomas (40) , which translates into highly C-terminally truncated THADA protein differential usage between the SI-NET group and PIT. The proximal primer sets targeted intronic sequences, corresponding to 3 UTRs of alternative last exons, and the distal primer sets targeted either intronic sequences, corresponding to 3 UTRs of alternative last exons, or the 3 UTRs of the last exon. As the proximal primer sets targeted intronic sequences, the detection of a product from these sets could only come from usage of the adjacent polyA site, as the intron is otherwise spliced out. Proximal and distal isoforms were thus individually measured. The genes were used as their own controls, as there were two sets of primers for each gene; one upstream of a proximal polyA site and one upstream of a distal polyA site. The Ct values of the proximal and distal amplicon were thus compared. Q-RT-PCR was run on triplicates of each sample with all six primer sets. Median Ct values from the triplicates were used for further analysis with individual Ct values deviating more than two from the median considered as outliers and removed (2 of the 72 Ct values removed). In contrast to our results obtained from DRS (Table 5) , we found a higher expression of the proximal isoform of DCC and LRRFIP1, as well as a lower expression of the proximal isoform of PDZD2 in all three SI-NETs as well as in the reference sample (Table 6 ). However, when comparing the results for the SI-NETs with our reference sample, we found a higher expression of the proximal LRRFIP1 isoform in all three SI-NETs compared to our reference sample. For DCC and PDZD2, we found a higher expression of the proximal isoform in two out of the three SI-NETs compared to our reference sample ( Table 7) . These Q-RT-PCR results validate the presence of the polyA sites and the APA of these genes. They also indicate that these three genes indeed undergo differential APA leading to the expression of a larger amount of mRNAs with 3 truncation of the coding region in the SI-NETs than in the reference sample.
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DISCUSSION
This is the first study to map polyA sites and characterize APA genome-wide in SI-NETs. To map the polyA site usage genome-wide we sequenced total RNA from three SI-NET samples (NE MTT, NE CT1, and NE 2TC) and a reference sample (PIT) using DRS (17) . DRS is a well established method, which have been used in several other studies to map polyA sites genome-wide (14, 17, 20, 21) . Selected polyA sites have been confirmed in all cases with PCR in three of those studies (14, 17, 21) . We selected three genes for Q-RT-PCR validation: DCC, PDZD2, and LRRFIP1. For these three genes we validated the presence of all tested polyA sites with Q-RT-PCR and thus the APA of the selected genes. However, we did not find the same ratio of usage between the proximal and distal polyA sites with Q-RT-PCR as we found with DRS (Tables 5  and 6 ). When comparing our Q-RT-PCR results in the SI-NETs with the reference sample, they however indicate that the three genes in the SI-NETs indeed undergo differential APA leading to expression of a larger amount of mRNAs with 3 truncation of the coding region than in the reference sample ( Table 7) . The quantitative differences found in expression ratios of the short and long isoforms derived from DRS and Q-RT-PCR could be due to biases and artifacts introduced during the synthesis of cDNA, contamination of cDNA samples with genomic DNA and problems with one or more of the primer sets. When studying SI-NETs the optimal control sample would be normal small intestinal neuroendocrine cells. These solitary cells, which are interspersed among the other cells of the mucosa, are however difficult to isolate (23) . In one study, human neuroendocrine cells have been isolated by pronase/collagenase digestion, gradient centrifugation, and FACS, but this method is complicated and requires at least 5-8 cm of normal ileum (41) . Additionally, it is not certain if the RNA content is damaged during those processes. Because of these difficulties, scrapings from the mucosa adjacent to the tumors are normally used as reference samples. This mucosa is however composed of a mix of various cell types, primarily enterocytes and goblet cells. We believe that this mixture of cells from the mucosa, despite a common origin with the neuroendocrine cells (42) , is phenotypically farther from intestinal neuroendocrine cells than neuroendocrine cells elsewhere in the body. We therefore chose to use pituitary as a reference sample as it mainly contains neuroendocrine cells.
Using Fisher exact tests, we found 11031 polyA sites, located in 97% of the expressed protein coding genes, with no statistical difference in usage between the individual SI-NETs (FDR >0.1). This shows similarity between the three SI-NET samples. Using the same Fisher exact tests to compare APA in the SI-NETs and in the reference sample, we identified 16 genes with significant APA specific to the SI-NETs, which lead to either 3 truncation of mRNA coding regions or 3 UTRs ( Figure S1 in Supplementary Material). These 16 genes with APA specific to the SI-NETs could be tested as diagnostic markers and drug targets for disease prevention and treatment.
Nine of the 16 genes had significant UTR-APA in the SI-NETs leading to 3 UTR shortening in a larger proportion of mRNAs than in the reference sample. Interestingly, four genes out of the nine with UTR-APA have been found to be either overexpressed in cancer: PSMD8 (27) , CD59 (29) , and SRSF5 (32) or is suggested to be overexpressed: ANKH (30) . The UTR-APA in these genes produces mRNA isoforms that lack one or more target sites for miRNAs present in SI-NETs. These mRNAs consequently escape a part of the miRNA regulation and, therefore, should be more stable and produce more protein (5, 11, 12) . Thus, the changes predicted in these nine genes suggest that UTR-APA could contribute to the SI-NET tumorigenesis. One of these genes, DACT2, was previously found as a tumor suppressor protein (28) . The UTR-APA in this gene leads to 3 UTR shortening in a larger proportion of mRNAs in the SI-NETs than in the reference sample. However, as no miRNA target sites are found in the shortened part of the 3 UTR, it is unclear which role this 3 UTR region has. Apart from miRNAs, RNA binding proteins (RBPs) also target the 3 UTR of mRNAs and can affect the stability of mRNAs (43) . Thus, it is possible that the shortening of the 3 UTR affects the stability of DACT2 by removing putative binding sites of RBPs.
Seven of the 16 genes had significant CR-APA in the SI-NETs leading to 3 truncated coding regions in a larger proportion of mRNAs than in the reference sample. CR-APA alters the coding region of mRNAs and thus the isoform of the produced www.frontiersin.org protein. Remarkably, three out of the seven genes with CR-APA have tumor suppressive functions: DCC (34), PDZD2 (35) , and MAGI1 (37) . The CR-APA in these genes produces mRNA isoforms lacking several 3 -terminal exons, translating into highly C-terminally truncated proteins. These protein isoforms lack the parts responsible for the tumor suppressive functions. The CR-APA in DCC, PDZD2, and MAGI1 could thus likely be contributing to the tumorigenesis in SI-NETs. DCC is located in chromosome 18, where there have been reported frequent copy-number losses in SI-NETs (44, 45) . The copy-number losses might truncate the DCC gene, forcing the usage of the proximal polyA site. Another gene with CR-APA, THADA, has been hypothesized to contribute to the tumorigenesis of thyroid adenomas in its truncated form (40) . The CR-APA found in the SI-NETs produces an mRNA even more 3 -terminally truncated and could thus also be a candidate contributing to the tumorigenesis of SI-NETs. One gene stands out in the CR-APA group, LRRFIP1, as it has been shown to be overexpressed in cancer cell lines (38) and to be pro-metastatic (39) . The CR-APA of this gene in the SI-NETs gives rise to an mRNA isoform, with a 3 -end corresponding to the 3 -end of the 4.2 kB mRNA overexpressed in cancer cell lines (38) . CR-APA of LRRFIP1 could thus also be a contributor to the tumorigenesis in SI-NETs, as the major mRNA isoform expressed in the SI-NETs is likely equal to that overexpressed in the cancer cell lines.
The suggested participation of APA in the tumorigenesis of SI-NETs could lead to new medical treatments of SI-NETs. This is particularly interesting as polyA sites of interest can be very specifically and effectively blocked and patterns of APA can thus be changed. Different techniques utilizing antisense elements have already been used to effectively inhibit polyA site usage. They include antisense oligonucleotides (46) , siRNAs (47) , and U1 modifications (48) (49) (50) (51) (52) . Such techniques could, e.g., be used to force the expression of the full-length mRNAs of the tumor suppressor genes DCC, PDZD2, and MAGI1.
As this study was performed on only three SI-NET samples the findings should be confirmed in a larger cohort. Preferably, future studies on APA in SI-NETs should also include alternative reference tissues and use different methods for characterizing poly(A) site usage. The findings could also be tested in other types of NETs. If the findings are confirmed, the effects of blocking the implicated proximal poly(A) sites with antisense elements should be tested experimentally.
In conclusion, we have mapped for the first time polyA sites genome-wide in SI-NETs. We found 11031 polyA sites, located in 97% of the expressed protein coding genes, with no statistical difference in usage between the individual SI-NETs. This shows similarity between the three SI-NET samples. In the SI-NETs, we identified 16 genes with significant APA leading to either 3 truncation of coding regions or 3 UTRs in a larger proportion of mRNAs than in the reference sample (Tables 3 and 4) . The APA was confirmed in three genes using Q-RT-PCR: DCC, PDZD2, and LRRFIP1. However, we did not find the same expression ratios between the proximal and distal isoforms for these genes with Q-RT-PCR as with DRS (Tables 5 and 6).
As 11 of the 16 identified genes have previously been associated with cancer, it is likely that APA in these genes could take part in the SI-NET tumorigenesis. Future studies will have to confirm these findings in a larger cohort. The identified 16 genes with APA specific to the SI-NETs could be tested as diagnostic markers and as drug targets for disease prevention and treatment. 
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